Three Schizosaccharomyces pombe dimeric tRNA genes, consisting of a tRNASer gene encoding a minor species with an Intervening sequence followed by a tRNAMet i 
INTRODUCTION
Most tRNA genes from eukaroytes are organized as monomeric transcription units, unlike genes from Escherichia coll (1) and Bacillus subtilis (2), which are generally clustered and give rise to multimeric transcripts. However, five cases of dimeric tRNA genes have been found 1n yeasts, Including three tRNASer. t RNAMet 1 dimers from L_ pombe (3-5) and two tRNA^rg-tRNAAsp dimers from S_^ cerevisiae (6). Transcription of bacterial tRNA genes is directed by 5'-external promoters, while transcription of eukaryotic tRNA genes 1s directed by control regions Internal to the mature coding sequence (7-13). Thus, the occurrence of dimeric tRNA genes 1n a eukaryote Involves the duplication of promoter sequences, and raises the questions of why the duplication of promoter regions 1s required and tolerated, and whether the promoter elements of both genes in the dimer are functional. Transcription of tRNA genes 1n S. cerevisiae has been shown to require an appropriate 5'-flanking sequence (14-17). Further, the mechanism of eukaryotic tRNA gene transcription involves the stable binding of transcription factors to the internal control regions (ICRs) (18) (19) (20) (21) (22) (23) (24) (25) , which could sterically block binding of transcription components to the second gene, thereby blocking transcription Initiation directed by the second gene in a dimer. In this paper, we have examined the role of the structure of the dimeric tRNA genes of S^ pombe through transcriptional analyses of the dimeric genes, the subcloned Individual genes from the dimer, and other related tRNA genes from the S_;_ pombe genome, both 1_n vivo and 1_n vitro, in S_^ cerevisiae.
MATERIALS AMD METHODS
Plasaid DHAs. S_^ pombe tRNA gene-containing plasmids used in this study Include pSup3 (3) and pSupl2 (pYM118) (4), which encode tRNASer and tRNAMeti in a dimeric arrangement, and pMet4, which encodes a monomeric tRNA^et^ f rom a different genomic location than sup3, sup9, and supl2 (26). pYM205 encodes tRNA^rg an( j tRNA^sp f rO m s^ cerevisiae 1n a dimeric arrangement. A 439 bp Clal/Hpal fragment from pJB19F (6) containing the dimeric tRNA gene was subcloned Into pBR322 between the Clal and BamHI sites.
Transcription analysis. Transcriptionally active extracts of S. cerevisiae 20B-12 (a, trpl, pep4-3) (27) were prepared and transcription assays performed as described (28) with minor exceptions (16).
Pre1ncubat1on-cwj)et1t1on assays. Stable complex formation was analyzed by pre1ncubat1on-corapet1tion assays (24). 0.2 pg of competitor DNA were preincubated for 5 min with extract before addition of 0.2 ug of pYH205 DNA. Transcription was then allowed to proceed 35 additional min.
Iri vivo analysis of transcription products. Steady-state levels of transcription products of various S^_ pombe genes 1n S_^ cerevisiae D5 (Trp-His-Leu-) were determined by Northern analysis (5).
RESULTS
Subcloning of the Individual genes of the dioeric tRNA gene. In order to examine the reasons for the dimeric arrangement of the sup3, sup9, and supl2 lod, the individual tRNA s er genes from sup3 and supl2, and the tRNA M et 1 gen e from supl2 (pMet) were subcloned (F1g. 1). The tRNAS er gene f rom S up3, which lacks a termination sequence Immediately adjacent to the mature coding sequence, was also cloned with an artificial termination sequence (pSup3eST) by Ugating a BamHI/Hindlll fragment from pSupl2 (pYM118) onto the tRNASer gene. The sequence from the 3' end of the mature coding sequence (corrected from ref. The subcloned tRNASer g ene includes the first four base pairs, and the subcloned tRNA^et^ q ene Includes the last base pair, from the spacer region between the genes,. The orientation of the subcloned tRNAMet 1 gene 1n both pMet and pSup3eSTM is counterclockwise 1n the plasmid (transcription is from the BamHI site toward the EcoRI site).
into one plasmid (pSup3eSTM). pMet4 contains the fourth and final copy of tRNAMct.! ^n £ ne 5^ pombe genome. It has the same mature coding sequence as the tRNAHet 1 -genes ^n sup3j S{J? g t and supl2 (D. Pearson, unpublished results).
Transcriptional analysis. The parental dimeric genes and the monomeric genes were analyzed for ability to support transcription ir^ vitro in Sĉ erevisiae extract. The tRNASer gene ^s an efficient transcription promoter, as evidenced by the accumulation of transcripts from all plasmids containing this gene (F1g. 2). However, the tRNAMet 1 gene directs efficient transcription only when the appropriate 5'-flank1ng sequence of pMet4 1s present (compare the pMet and pMet4 lanes 1n F1g. 2).
Stable complex formation. The ability of the various genes to form stable transcription complexes was examined through the use of pre1ncubat1on-compet1-t1on assays. Competitive ability 1s determined by the ability of the genes to Inhibit the formation of the primary transcript of the reference gene, pYM205. The tRNASer genes are efficient competitors 1n S_^ cerevisiae extract ( Fig. 2 and Table 1 ). The level of competitive ability observed 1s dependent on the 3'-flanking sequence; replacement of the tRNAMet^ gen e with vector sequence led to a slight decrease, and replacement with a ONA fragment containing an artificial terminator sequence to a moderate increase, in competitive ability. Transcription of genes encoding aajor tRNASer species. Two genes encoding major S^ pombe tRNASer species were compared to pSup3e for transcriptional efficiency (F1g. 3). pSup3e 1s transcribed at much higher efficiency than are the major genes.
In vivo analysis of transcription. Expression of the genes Iji vivo 1n Sĉ erevisiae was analyzed by examining the ability of the tRNA gene products to suppress nonsense mutations as well as by Northern analysis of RNA from transformed strains. All of the plasmids which contained the tRNASer^ g ene transformed S^ cerevisiae D5 (h1s-UGA, leu-UGA) to prototrophy for Mst1d1ne and leudne. However, transformation with pSup3 DNA occurred at approximately 10-fold lower frequency than did transformation with the other plasmid DNAs used, and the transformed cells grew more slowly than did any of the other transformants. This evidence demonstrated that all of the tRNASer genes are transcribed and the transcripts processed to yield active tRNA, but that some complication exists with regard to the sup3 gene.
Northern analysis of the steady-state levels of transcripts also demonstrated the activity of the tRNASer ge nes jji vivo. While all of the genes are S.cerevisiae tRNAS»r background band transcribed, the proportion of transcripts which are of mature size differs for the different genes. Transcripts of subcloned tRNASer gene are processed to mature-sized tRNASer more slowly than are transcripts of the dimeric gene (F1g. 4) . Thus, the Inhibitory effect of the dimeric gene appears to be due to increased production of the suppressor-active tRNA, which has been shown to be detrimental at high concentrations (3). pMet4 is efficiently transcribed U± vivo, but surprisingly, so is the tRNAMet.j gene subcloned from the dimer (Fig. 5) . This finding contrasts with the strong 5'-flank1ng sequence dependence found jji vitro for this gene. It is not clear why there is a different requirement for wild-type 5'-flanking sequence for this gene i£ vivo and 1^ vitro, but this has also been found for one of a series of deletion mutant DrosophUa tRNA^rg genes (16).
DISCUSSIOW
These studies were undertaken to examine the role of the dimeric structure of the sup3, sup9, and supl2 genes of S^ pombe. Two general possibilities for the dimeric arrangement are apparent: First, it may be desirable for the cell to coregulate the appearance of the products of the two genes; secondly, it may be that the dimeric structure is required to permit proper function of one or the other of the genes (for example, 1f the tRNAMet^ gene y^re by itself a poor promoter, coupling 1t to the tRNASer g 6 ne could Increase its rate of transcription). The evidence presented here supports the latter possibility.
The S^ pombe tRNA^et^ gene, both from the dimer and the monomer, is capable of supporting efficient transcription. However, it does not efficiently form stable transcription complexes. Thus, in the presence of other tRNA genes, the tRNAMet^ g ene ^Quld not normally be efficiently transcribed unless transcription components were in excess. However, the minor tRNASer genes both support efficient transcription and compete fairly strongly. Therefore, making transcription of the tRNA^et^ gene dependent on the tRNA Ser genes should lead to efficient tRNA^et^ production under all circumstances. In contrast, transcription of the major S^ pombe tRNASer genes is considerably less efficient (there are more major than minor tRNASer genes 1n the S^ pombe genome [J. KohH, personal communication] ). Thus, if the tRNA^et^ genes are to be coupled to tRNASer genes, the minor genes appear to be the most effective choices. This then raises the question of why there 1s a monomeric tRNA^t^ gene 1n addition to the gene copy in the dimeric arrangement. This gene could serve to modulate the relative level of tRNA^et^ wnen growth conditions are such that transcription components are 1n saturating concentrations. The weakness of this gene in binding transcription factors would ensure that the gene remains nearly Inactive until such favorable conditions are encountered.
A human tRNAMet 1 gene which was efficiently transcribed 1n HeLa cell extract (29) was also found to form stable complexes Inefficiently 1n S^ cerevisiae extract (30). This raises the possibility that some general feature of tRNAMet i genes leads to poor competitive ability. However, examination of the S^ pombe tRNAMet i g e ne sequence Indicates a possible explanation specific to this gene.
In almost all other eukaryotk tRNA genes, position 11 encodes a pyr1m1d1ne which 1s base paired to a purine 1n the D-stem 1n the tRNA. In the tRNAMet i gene, this base pair encodes a purine (G). This may lead to relatively Inefficient functioning of the 5 1 ICR 1n factor binding.
The dimeric structure constrains function of the Individual genes, and particularly, the second gene. There 1s no detectable initiation of transcription directed by the tRNAMet 1 gene -| n the dimer 1n S^_ cerevisiae extract, or 1n Xenopus laevis germinal vesicle extract (4). For the S_^ cerevisiae tRNAArg-tRNA^sp dimer, there 1s also no transcription Initiation directed by the second gene in S^ cerevisiae extract (31). All of these naturally occurring dimer genes are efficiently transcribed 1n HeLa cell extract (results not shown), with a low level of transcription Initiation directed by the second gene. In contrast, transcription of artificial dimer and trimer Caenorhabditis elegans tRNA genes (using multiple copies of a tRNAPro gene mutated at position 56) led to efficient transcription Initiation directed by the second and third genes Ijn vivo 1n X^ laevis oocytes and in HeLa cell extract (9). The high level of transcription directed by the second and third genes in these constructions relative to that observed from the naturally occurring dimeric genes could be due to the fact that the mutation reduces the strength of the Interaction between the 3' ICR and the stably bound factor (7), thus allowing the 5' half of the following gene to compete more successfully in binding transcription components. Additionally, the second gene 1n the natural dimers, at least for the S_;_ pombe genes, 1s a weaker competitor than 1s the first gene.
The downstream gene In an ^ cerevisiae tRNAArg-tRNAAsp dimeric gene also binds a transcription component(s) 1n S^ cerevisiae extract (21), even though 1t does not direct transcription initiation (31) (although 1n HeLa cell extract, the second gene once again directs a low level of independent transcription Initiation; data not shown). Thus, the presence of an additional set of promoter elements Immediately upstream does not completely Inactivate a tRNA gene promoter. However, the second gene can be at least partially Inactivated not only for transcription, but also for stable complex formation as suggested by the fact that the dimeric gene 1s a poorer competitor in HeLa cell extract than is pSup3eSTM, which has both genes as monomeric units (results not shown).
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